T he challenge of restenosis has been with us since the dawn of intravascular percutaneous interventions. Much effort has been spent on developing strategies designed to effectively treat it. These ranged from mechanical means such as minimal plaque removal with an idea of not "disturbing" the media (directional atherectomy), to extensive debulking (rotational atherectomy), to creating the largest possible lumen and then preventing the recoil (stenting), to systemic and local use of numerous drug classes including antithrombotic, antiplatelet, antiproliferative drugs, calcium channel blockers, statins, steroids, and other antiinflammatory agents among the others.
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While most of these failed, as frequently happens in medicine, the effective therapy was arrived at much earlier than any glimmer of understanding of the biology of the process that was treated became apparent. Bare metal stents offered a major reduction in restenosis, largely by preventing arterial recoil despite a markedly increased stress on the media and unappreciated at the time damage to the adventitia. Interestingly, whereas angiographically defined restenosis was substantially reduced, intimal proliferation was actually increased, 1 emphasizing that bare metal stenting was a purely mechanical means for dealing with the problem and that the fundamental biology was not affected. The first truly significant reduction in intimal formation was achieved using drug eluting stents with either paclitaxel-or sirolimus-like compounds. The effect was ascribed to their antiproliferative effect on smooth muscle cells (SMC) even though multiple other antiproliferative drugs showed no comparable activity, suggesting there was something special about these 2 classes of medications. Nevertheless, the matter seemed settled until a belated realization of increased late stent thrombosis of drugeluting stents attributable to delayed endothelial coverage of stented surfaces brought realization of the need for alternative approaches and better understanding of biology.
In parallel with mechanical efforts to limit restenosis, biological approaches have focused on understanding the processes driving neointimal development and means of stopping them. Early studies have suggested that the loss of endothelial coverage after an intraarterial injury exposed media to circulating growth factors thereby stimulating SMC proliferation and migration. Therefore, restoring endothelial coverage was seen as the means to terminate neointimal growth by removing the stimulus. Indeed, several studies by Isner and colleagues using plasmid-mediated VEGF gene transfer suggested that VEGFdriven reendothelialization reduces restenosis. 2 However, later studies failed to confirm these findings and suggested that VEGF treatment increased neointimal formation thus promoting restenosis. 3, 4 A clinical trial of local VEGF delivery for restenosis failed to show any benefit. 5 Furthermore, additional investigations have shown that neointima formation could be induced in the absence of any damage to the endothelium, eg, with an intact endothelial layer, further questioning the link between the luminal endothelial loss and restenosis. 6 At the same time it became increasingly clear that an inflammatory response in the adventitia, defined by the presence of blood-derived mononuclear cells 7 and accompanied by adventitial angiogenesis, 8 may significantly impact neointimal formation. Indeed, stimulation of adventitial angiogenesis with VEGF, FGF2, or PR39 led to a profound restenotic response in vessels with intact endothelial coverage, whereas suppression of angiogenesis using VEGF traps or inhibitors of FGF signaling greatly reduced it. 6 Several other lines of evidence have further linked adventitial angiogenesis to restenosis, including a direct demonstration of a correlation between micro-CT-determined extent of adventitial angiogenesis and the extent of neointima, 9 -11 the correlation between the magnitude of the arterial stretch and the extent of neointimal formation, 1 and an equally wellestablished correlation between the inflammatory response and angiogenesis. 12 Finally, one frequently forgotten aspect of restenosis biology is the extensive vascularization of the neointima, 13 with adventitial vasa vasorum being the primary sources of this "intraarterial" vasculature. 14 Therefore it looked plausible that VEGF, by promoting adventitial angiogenesis, would indeed promote restenosis. However, although these potential prorestenotic effects of VEGF became apparent, the mechanism of its action remained unresolved.
The paper by Koga et al in this issue of Arteriosclerosis, Thrombosis, and Vascular Biology adds important information to our understanding of this biology. 15 The authors have used a knock-in mouse line with a VEGF receptor 1 (VEGF-R1 or Flt-1) replaced by a truncated form of the receptor that does not have tyrosine kinase activity. The mutant receptor is still expressed on the cell surface and is able to bind VEGF with high affinity but intracellular signaling is abolished. Flt-1 has a broad distribution with expression detectable not only in endothelial cells but in blood mononuclear cells among a number of other cell types. The Flt-1 mutant mice demonstrate the same extent of neointimal formation after arterial injury as the wild-type mice and exhibited the same extent of mononuclear cell infiltration. Blockade of VEGF signaling using a VEGF trap abolished neointimal formation in both Flt-1 mutant and control mice, consistent with previous observations. Thus, the entire process of VEGF-driven neointimal formation appears to be independent of Flt signaling. This is unexpected as the ability of VEGF to induce monocyte accumulation at the site of injury via Flt-1 has long been considered the sine qua non of its biology. Instead, the mechanism apparently involves VEGF-induced stimulation of MCP1 expression by SMCs via SMC VEGF-R2. The activated SMCs then secrete MCP-1 thereby inducing monocyte accumulation. The presence of both VEGF receptors on SMCs has been well accepted 16 although most VEGF effects on SMCs, including induction of SMC migration, have been thought to occur via Flt-1. 17 The role of MCP-1 in restenosis 18 and indeed in angiogenesis 12 has also been long established, but the VEGF connection is new. Furthermore, although the role of endogenous VEGF in prorestenotic activity of MCP-1 has been hinted at previously, 19 the Koga study suggests a much more compelling mechanism of action.
Taken together with the evolving body of knowledge on the biology of restenosis, the plausible sequence of events is illustrated in the Figure. The damage to the adventitia by a balloon stretch/stent expansion leads to the initiation of a local inflammatory response and production of VEGF which, in turn, induces MCP-1 expression in media SMCs while also promoting adventitial angiogenesis. MCP-1 production by SMCs leads to accumulation of monocytes in the adventitia that secrete additional VEGF thereby leading to a positive amplification of the cascade. Together, mitogenic SMC stimulation by MCP-1, VEGF, and other growth factors present in this niche such as FGF2, leads to SMC phenotypic modulation that allows migration and formation of neointima supported by adventitia-derived vasa vasorum.
The key points of this paradigm are that processes controlling neointimal formation occur in the adventitia, and that the state of endothelial coverage of the luminal segment of the artery is less important in terms of restenosis than previously thought. Ultimately, the effective management of stented arteries will require inhibition of adventitial inflammation and angiogenesis (and in this context it is interesting to note antiangiogenic activity of paclitaxel) or the ability to prevent SMC phenotypic modulation (a newly discovered effect of rapamycin 20 ) to prevent neointima formation and restenosis and promotion of reendothelialization of the luminal surface to reduce thrombosis.
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